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The continuum of ^"He nucleus is studied theoretically in a three-body ^He+n+n model basing 
on the recent information concerning ^He spectrum [Golovkov, et al, Phys. Rev. C 76, 021605(R) 
(2007)]. The ^"He ground state (g.s.) candidate with structure [pi/2]^ for new g.s. energy of 'He is 
predicted to be at about 2.0 — 2.3 MeV. The peak in the cross section associated with this state may 
be shifted to a lower energy (e.g. ~ 1.2 MeV) when ^"He is populated in reactions with ^'^Li due 
to peculiar reaction mechanism. Formation of the low-energy {E < 250 keV) "alternative" ground 
state with structure [51/2]^ is highly probable in ^"He in the case of considerable attraction (e.g. 
a < —5 fm) in the s-wave ^He channel, which properties are still quite uncertain. This result either 
questions the existing experimental low-energy spectrum of ^"He or place a limit on the scattering 
length in ^He channel, which contradicts existing data. 

PACS numbers: 21.60.Gx, 21.45.-(-v, 25.10.-(-s, 21.10.Dr 



I. INTRODUCTION 

The first, at that moment theoretical, atternpt to study 
^"He was undertaken in the end of 60-th In this 
work a possibility of the nuclear-stable ^°He existence 
was investigated in the microscopic 10-body hyperspher- 
ical harmonic (HH) model. However, until now the ^°He 
nucleus remains relatively poorly studied system. Since 
it became clear that -'^"He is nuclear unstable and 
ground state properties of ^He were defined 3, 4], it be- 
came possible to predict theoretically the ground state 
of ^"He as a narrow three-body *He-fn-|-n resonance. It 
was found with £: - 0.7 - 0.9, T - 0.1 - 0.3 MeV 0, for 
valence neutrons populating mainly configuration 
(the energy E in the present work is always given relative 
to the three-body ®He+rt+n threshold). These predic- 
tions were soon confirmed experimentally: E = 1.2(3), 
r < 1.2 MeV E = 1.07(7h r = 0.3(2) MeV 0,11, 
and E = 1.7 ±0.3 ±0.3 MeV Q. 

A new possible theoretical understanding of ^°He was 
proposed after the existence of a virtual state in ®He was 
demonstrated by Chen et al. in Ref. [lo| . An upper limit 
for scattering length a < —10 fm was established in this 
experimental work. For such an attractive s-wave inter- 
action in ^He Aoyama predicted in Ref. 11] the existence 
of a narrow near-threshold 0+ state in ^"Hc {E = 0.05, 
r = 0.21 MeV) with the [si/2]^ structure in addition to 
the [pi/2]^ state (calculated in this work to be at about 
1.7 MeV). Concerning evident dis crep ancy with the ex- 
perimental data the author of Ref. [ll| suggested that the 
ground state (g.s.) of -'^^He had not been observed so far 
and the state at ~ 1.3 MeV is actually the first excited 
state. However, no possible explanation was proposed in 
Ref. [ll| for which reason the [si/2]^ g-S. was missed in 
experiments. 

In recent experiment by Golovkov et al. [13] at Dubna 
radioactive beam facility ACCULINNA the low-lying 



spectrum of ^He was revised, providing a higher posi- 
tion of the pi/2 state than in the previous studies. A 
broad pi/2 state was observed at about 2 MeV instead 
of the (presumably) P1/2-P3/2 doublet of narrow states at 
1.27 and 2.4 MeV as in Refs. [1, 0, S]. The experiment 
[1^ also claims a unique spin-parity identification below 
5 MeV. The presence of the Si/2 contribution is evident 
in the data [12], but the exact nature of this contribution 
is still unclear, whether it is a virtual state with consid- 
erably large negative scattering length or just a smooth 
nonresonant background. A relaxed lower limit for scat- 
tering length a > — 20 fm was established in this work. 
These new data should have a strong impact on the cal- 
culated properties of ^°He, which inspired us to "revisit" 
the issue. 

We study the question in theoretical models, which 
are schematic but have a clear relevance to real possible 
reaction mechanisms of the ^'^He continuum population. 
In a contrast with approach of Ref. [ll[ , which provided 
only energies and widths of the states, we are interested 
in the observable consequences of the J'^ = 0+ states with 
structures [si/2]^ and [pi/2]^ "coexistence" in the ^°He 
spectrum. We demonstrate that this problem has a key 
importance for understanding of observable properties of 
^"He. We arrive to a conclusion that the simultaneous 
consistent understanding of the low-lying spectra of ^He 
and ^°He is still a challenge both from theoretical and 
experimental sides. 

The unit system fi, = c = 1 is used in this work. 



II. THEORETICAL MODEL 

To choose the interactions in this work we generally 
follow the prescription of the three-cluster ^He+n+n cal- 
culations of Ref. [5| with appropriate modifications of po- 
tentials. From the set of the core-n potentials tested in Q 
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FIG. 1: Coordinate sets used in this paper. Panel (b) illus- 
trates a proton removal from ^^Li as a method to populate 
lOHe. 



we selected one (denoted there as "12"). Other choices do 
not change qualitatively the result and quantitatively are 
quite close. The potential is parameterized by Gaussian 
formfactor 

with ro = 3.4 fm. The depths of the c?-wave poten- 
tial ~ —33 MeV and the [Is) component in p-wave 
Vj\. — 10 MeV, are the same as in original paper. The 
inverse {Is) forces were used in Ref. Q in p-wave to ac- 
count for occupied P3/2 subshell in the ^He core. The 
interaction in the s-wave ^He-n channel was pure repul- 
sive in Ref. Q to account for an occupied Si/2 shell in the 
^He core. Central potential parameters in s- and p- waves 
and V} are being varied to clarify different aspects of 
the system dynamics. To manage the occupied Si/2 state 
in ^He in this work an additional repulsive core is intro- 
duced in the s-wave with parameters rQ{core) = 2.35 fm 
and V;°(core) = 75 MeV. 

With the above potential the d-wave state in ^He is 
found at 4.8 MeV which is consistent with the the exper- 
imental data [1, H, OJi] giving values in the range 4.2 — 4.9 
MeV for the dy2 state. With V} = -10 MeV (the value 
from the Ref. @) the pi/2 state is obtained at 0.74 MeV. 
This value is different from value 1.15 MeV quoted in 
Ref. § , where this is the energy at which the phase shift 
pass 7r/2. In this work we have to deal also with broad 
states, where the phase shift does not reach 7r/2. Thus, 
we define the resonance position for two-body subsystem 
by "observable value" (peak in the elastic cross section) 
and define the width as the full width on half maximum 
(FWHM) for this peak. 

The realistic soft-core potential [l^l is used in the n-n 
subsystem also following Ref. 0]. 

To study qualitatively a possible influence of the reac- 
tion mechanism we follow the approach of paper [14] to 
exotic system. We introduce a compact source func- 
tion $(p, J7p) in the right hand side of the three-body 
Schrodinger equation and solve the inhomogeneous sys- 
tem of equations 

H-E)-^'^+\p,np)^^{p,np), (1) 

H = f+ Vcn{rcrn) + Vcn{rcn2) + K«(r„i„J , 



for pure outgoing wave boundary conditions, utilizing the 
hyperspherical harmonic (HH) method. The used coor- 
dinates are shown in Fig.[TJ The hyperradial components 

X^K^ip) of the WF 



K„ 



are matched to Riccati-Bessel functions of half- integer in- 
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Functions 7^'+-' have the asymptotic behav- 
ior exp[ixp], where x = y/2ME {M is a nucleon mass), 
describing the partial outgoing waves for hyperspherical 
equations. The value A'^ax truncates the hyperspherical 
expansion. The hypermoment k is expressed via the en- 
ergies of the subsystems E^, Ey or via Jacobi momenta 
kx, ky conjugated to Jacobi coordinates X, Y: 



knj) , ky — (k„j 



x^ = 2ME = 2M{E.^ + Ey) = 2kl 



^" ) kc 
5 



(3) 



The Jacobi variables are given in "T" Jacobi system. A 
more detailed picture of Jacobi coordinates for coordinate 
and momentum spaces in "T" and "Y" Jacobi systems 
can be found in Fig. [T3l 

The set of coupled equations for functions x^^-* has the 
form 



dp2 



C{C + l) 



2M{E-Vk^.k-,{p)} 



2M J2 VKj,K'y{p)x'^i^/y{p) + 2M$^^(p) ,(4) 



V, 



diip jj^^r (n,) ^ V,, (r,,- ) j-^f in,) , (5) 

i<j 

^K^ip) = p"^ j dnpj^^'*{VLp)^p,np) , 



where C = K + 'i/2 and VK-f,K'-i' if) are matrix elements 
of the sum of the pairwise potentials referred to in this 
work as three-body potentials. 

More detailed account of the method can be found 
e.g. in Ref. [ij]. It is shown there that the method 
is consistent with "sudden removal" approximation for 
high energy fragmentation reactions. The development 
of the technically similar approach in the framework of 
the DWBA theory, applied to the inelastic processes in 
the transfer reactions, can be found in Ref. [T^. 

We used two different sources, consistent with different 
reaction conditions. One is a "narrow" source with a 
Gaussian formfactor 



$(p, l]p) = exp[-pVp2] 



K=0,2 S=0 



Ji^^'i^p) , (6) 



where po = 4.1 fm provides the source rms radius (p) = 5 
fm. This is a typical radius for the "reaction volume" for 
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ordinary nuclei. The source populates only the lowest 
hyperspherical components of the WF {K = 0,2). This 
qualitatively corresponds to the population of the [s]^ 
and [p]^ shell model configurations in the ^"He nucleus, 
which are expected to be the most important for the low- 
energy part of the spectrum. The condition S" = is 
qualitatively consistent with mechanism of transfer reac- 
tions, where the ^"^He states are populated by transferring 
a two-neutron pair (with total spin equal zero) to the *He 
core. In such reactions the AS* = 1 transfer is strongly 
suppressed and the A^* — transfer is a very reliable 
assumption. 

The other choice of the source is more reaction specific. 
When ^''He is produced from "'^^Li in a process which can 
be approximated as a sudden proton removal from ^Li 
core, the source term $(/?, Hp) should contain the Fourier 
transform of the overlap integral between the '^He WF 
\I'8H(,, the spin-isospin function of the removed proton 
Xp and the ^^Li wave function over the radius-vector r 
between the removed proton and the center-of-mass of 
i^He [see Fig.[T](b)]: 



(7) 



In general, this quantity is a complicated function of the 
recoil momentum vector q, transferred to the ^'^He sys- 
tem in the proton removal process. However, if the re- 
action energy is large and the internal energy of ^°IIe is 
small, one can neglect this dependence (see Ref. [T3| for 
details). It can be shown that in this case partial hy- 
perspherical components of the source function are well 
approximated by the corresponding components of the 
^^Li WF. Thus, this type of calculations is further re- 
ferred as "^^Li source". The ^^Li WF was taken from an 
analytical parametrization developed in Ref. [161] taking 
into account broad range of experimental information on 
this nucleus. The dominant [si/2]^ and configura- 
tions are populated by the ^^Li source with almost equal 
probabilities. The rms radius of such a source function 
(p) = 9.5 fm is enormous compared to typical nuclear 
sizes. 

In the approach with the source function of Eq. ^ 
the cross section for population of the ^°He continuum 
is proportional to the outgoing flux of the three particles 
on a hypersphere of some large radius p = Pmax- 



da 
dE 



M 



Ini / dfl. 



Vl,(+)t.5/2^ 5/2^(+) 



dp ' 



(8) 



P=Pn 



Differentials of this flux on the hypersphere provide an- 
gular and energy distributions among the decay products 
at given decay energy E (see Ref. for details of cor- 
relation calculations). 
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FIG. 2: Convergence of calculations as a function of -/fmax (the 
value truncating the hyperspherical basis). Calculations with 
narrow source, (a) Resonance peak with structure. 
The *He-n potential parameters are: — 0, = —10 
MeV. (b) Resonance peak with [si/2]^ structure. Parameters 
are: ~ —26.93 MeV (this corresponds to a = — 15 fm in 
^He), = -4.5 MeV. 



III. CALCULATIONS 

A. Basis size convergence 

The HH calculations in our method can be performed 
with /fmax = 24 — 26. Such basis sizes could be not 
sufficient for obtaining a good energy convergence of cal- 
culations in some complicated cases. The basis size can 
be further increased effectively using the adiabatic pro- 
cedure based on the so called Feshbach reduction (FR) 
[l3|. Feshbach reduction eliminates from the total WF 
* = *p -I- ^'q an arbitrary subspace q using the Green's 
hmction of this subspace: 

Elp Tp -\- Vp VpqGqVpq . 

In a certain adiabatic approximation we can assume that 
the radial part of kinetic energy is small under the cen- 
trifugal barrier in the channels with high centrifugal bar- 
riers and can be approximated by a constant. In this 
approximation the FR procedure is reduced to the con- 
struction of effective three-body interactions j^,^, by 
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FIG. 3: Hyperradius of the classical turning point pmin for 
hyperradial centrifugal barriers in the channels with different 
K values. 



matrix operations 



V, 



Ef-E 



{K + 3/2){K + 5/2) 



Summation over indexes with bar is made for eliminated 
channels. We take the "Feshbach energy" Ef in our cal- 
culations as Ef = E. 

Reliability of the FR procedure can be checked in two 
ways. We can compare dynamic calculations for some 
large i^max with the "reduced" calculations i^max 
KpR (with much smaller dynamic basis size Kpn) and 
in principle they should coincide. Calculations show that 
for -"^^He starting from -ftTmax — 26 we get practically the 
same result down to Kpfi = 10. The other way to make 
a check is the following. We can also start FR with some 
quite large fixed ii'max (e.g. from i^max = 100 in this 
work), make the reduction to different Kpf; < 26 and 
perform dynamic calculations with each of them. Again 
the results were found to coincide precisely for Kfr > 10. 
Thus it was found reliable to perform most of the calcula- 
tions (except those for correlations) with dynamic basis 
size Kpn = 12 varying effective basis size iiTmax when 
necessary. 

The cross section convergence with the increase of the 
effective hyperspherical basis size is demonstrated in Fig. 
m For resonance peak with [pi/2]^ structure the conver- 
gence is reliably achieved by Kmax = 30. However, in 
the case of a state with [si/2]^ structure more efforts are 
required to achieve the convergence (very close to the 
threshold even a minor variation of the energy becomes 
noticeable). We intentionally demonstrate in Fig. [5] (b) 
the case, which is numerically more complicated than 
the others considered in the paper. When the s-wave 
potential in the ^He-n subsystem is taken to provide the 
scattering length a = — 15 fm, the resonance peak in ^"^He 
is obtained at E = A keV with F = 0.7 keV. The basis 



FIG. 4: Behavior of the ^°He spectrum with decrease of the p- 
wave potential depth . The corresponding pi/2 state ener- 
gies E{p\/2) in ^He relative to the *He-n threshold are shown 
in the legend. Calculations with narrow source. 



size i^max = 80 is required in such a case to obtain the 
convergence. 

Another aspect of the basis size choice is connected 
with the radial extent of the calculations Pmax- The for- 
mulation of the cross section calculations in the form ([8]) 
implies that the WF residues at pmax in the classically 
allowed region. Taking into account the character of the 
hyperspherical centrifugal barrier ^ this requires a very 
large radial extent for large basis sizes. Fig. [3] provides 
the estimates of the minimally required values of pmax to 
satisfy this condition for different K values. So, we used 
Pmax ^ 300 — 500 fm for calculations of the states 
and Pniax 1000 — 2000 fm for the extreme low-energy 



calculations of the 



S1/2J 



states. 



B. Sensitivity to the p-wave in He 

The ground state resonance properties were predicted 
as S - 0.7 - 0.9 MeV, F - 0.1 - 0.3 MeV in Ref. [1]. 
Within the approach used in this work we first of all 
reproduce the results of previous studies. The calculation 
with model parameters consistent with these of Ref. Q 
is shown in Fig. [4l by solid curve. The peak position is 
somewhat lower than in Ref. [1 (i^ = 0.6 MeV, F = 0.27 
MeV) which is connected to the larger basis size (see Fig. 
^a)). Note that i^max = 8 was used in Ref. [1]. 

The evolution of the cross section with decrease of 
the p-wave interaction from the value adopted in Ref. 
Q iy} = — 10 MeV, which provided the energy of the 
Pi/2 state E{pi/2) — 0.74 MeV) to a value providing the 
^He g.s. to be at about 2 MeV {V} = -4.5 MeV), is 
shown in Fig. [5] for the narrow source function. The new 
peak position for the ^"He population cross section is at 
E — 2.3 MeV. The impact of this change is drastic: the 
narrow ^°He g.s. peak is practically "dissolved" as the 
system becomes less bound: e.g. the width of the peak 
can not be any more well defined as FWHM. 
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FIG. 5: Behavior of the ^"He spectrum with increase of the s-wave interaction [legend, the same for aU panels is shown in panel 
(d)] . The first row shows the narrow source case, the second row is for broad (^^Li) source. In the first column calculations 
for p-wave potential — —10 MeV {p\/2 state at 0.74 MeV, as in calculations of Ref. !5j); in the second column for — —8 
MeV (pi/2 state at 1.16 MeV, close to 1.27 MeV, as in experiment @]); in the third column for ~ —4.5 MeV (pi/2 state at 
2 MeV, as in experiment [l2l). Smooth behavior of the short-dashed curves = -25.82 MeV, a = -10 fm) in panels (a) 
and (d) is connected to the fact that the bound 0^ state of ^'^He is formed with binding energy « 60 keV. Note, the change of 
the scales on the vertical axes to logarithmic. 



C. Sensitivity to the reaction mechanism 

The evolution of cases with different p-wave interac- 
tions with increase of the s-wave interaction is shown in 
Fig. [H for the narrow and broad source functions, which 
should simulate different reaction conditions. We first 
discuss sensitivity of the cross section to the reaction 
mechanism. 

The narrow ground state in -'^''He is not significantly 
sensitive to the reaction mechanism. This can be seen 
comparing Figs. O (a) and (d): difference of curves of the 
same style in the upper and lower panels is quantitative, 
not qualitative. This is an expected result as the narrow 
states have a sufficiently large lifetime to "forget" how 
they were populated and thus loose the sensitivity to the 
population mechanism. 

When the state is above 1 MeV, the width becomes 
comparable to 1 MeV and the dependence on the source 
function is considerable [Figs. [5] (b) and (e)]. In the case 
of even higher ^"^He g.s. the calculations with narrow and 
broad sources have very little in common [Figs. [5] (c) and 
(f )] . According to the recent result [l^l the cases (c) and 
(f) should be regarded as the most realistic. Thus pe- 
culiarities of the reaction mechanism could be a problem 
for interpretation of the ^°He spectra. 



D. Sensitivity to the s-wave in He 

It can be seen from Fig. O that for relatively weak s- 
wave attraction the g.s. peak is shifted to lower energies 
with minimal distortion. However, as the s-wave attrac- 
tion becomes stronger the threshold peculiarity is formed 
in the spectrum. With the further increase of the s-wave 
interaction this peculiarity is transformed into very sharp 
low-energy {E < 300 keV) peak. The WF at this peak 
has a practically pure [si/2]^ structure and we character- 
ize it as a "three-body virtual state" . 

Using the term "three-body virtual state" we have two 
things in mind: this is an s-wave state build upon the 
virtual states in all the subsystems, and this state has 
distinct properties compared to ordinary resonant three- 
body states (relevant discussion of "Efimov-like three- 
body virtual excitations" can be found in Ref. 18]). 

The ordinary two-body virtual states are typically 
characterized in two ways: (i) as a negative energy pole 
on the second Riemann sheet or (ii) as a threshold pe- 
culiarity 'st'I preceding the formation of the bound state 
in the case of absence of the potential barrier. The pole 
behavior in the three-body systems has been studied in 
a number of works with the emphasis on the possible 
similarities with two-body virtual state poles behavior 
[O, [H, 113, HH Hi- In paper [H the possibility of such 
behavior in the three-body s-wave system was shown for 
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FIG. 6: Partial decomposition of the cross section; dashed, 
dotted and dash-dotted curves provide contributions of the 
main WF components. Calculations with p-wave resonance in 
®He at 2 MeV {V^ = -4.5 MeV). Different panels correspond 
to: (a) K° = -25.82 (a = -10 fm), narrow source; (b) V° = 
narrow source, and (c) = 0, ^^Li source. 



interactions with certain extreme properties. Observable 
consequences of such a pole behavior in the three-body 
systems remain unclear. Our way to think about three- 
body virtual state is more relevant to the second charac- 
teristic of the two-body virtual state, which is connected 
to its observables. 

For relatively strong s-wave interaction in the ^He- 
n subsystem (namely such that the scattering length 
a < — 5 fm), we unavoidably (means independently on 
the structure and reaction mechanism details) get a sharp 
peak in the cross section with energy less than 0.3 MeV 
and with dominating configuration. Stable forma- 

tion of the low-energy peak at certain strength of attrac- 
tive s-wave interaction in ^He is an important dynami- 
cal feature of the ^"^He system which makes us optimistic 
about predictive abilities of theoretical models in this sit- 
uation. The extreme low-energy peaks could hardly be 
consistent with the experimental data ^ , the discussion 
of the issue is provided below in Section If V Al 

It can be noticed that in the case of the very narrow 
three-body virtual state formation, some structure can 
be seen as a "shoulder" on the right slope of the [si/2]^ 
peak. It is possible to understand that this structure 
corresponds to the state with the structure which 



becomes sufficiently well split from the [si/2]^ state and 
even preserves the position typical for = case. The 
analysis of the partial decomposition of the cross sec- 
tion provided in Fig. [S] indicates that this is generally 
true. However, the [pi/2]^ contribution to WF is con- 
siderably broadened and reduced in absolute value com- 
pared to the case when there was no s-wave attraction. 
For understanding of Fig. [S] it is useful to note that at 
the "shell model language" the K — configuration is 
a pure [si/2]^, while the K = 2 components (for p-shell 
nuclei) are mainly decomposed as 



\K = 2,L = 0) = 
\K = 2,L=1) = 




2/3 [P1/2V - Vl/3 [P3/2 



The weight of the [pi/2]^ configuration relative to the 
total weight of [pi/2]^ and [^3/2]^ configurations varies 
from 80 to 90 percent in different calculations of the p- 
wave state. 



E. Properties of the three-body virtual state 

Important feature which differs a three-body virtual 
state (the one with dominant [si/2]^ structure) from 
the ordinary two-body virtual states is evident from the 
structure of equations This feature has been ex- 

ploratory discussed in the past (e.g. Ref. [1^), but it 
seems that in ^"He this kind of physics could become 
really accessible for observation. The state with [si/2]^ 
structure should be characterized by domination of com- 
ponent with lowest possible value of the generalized an- 
gular momentum K — 0. However, the centrifugal bar- 
rier C{C + l)/2Mp^ is not zero even in the channel with 
K = 0, as it depends on "effective angular momentum" 
£ = K+3/2. This means that the low-energy three-body 
virtual state may exist in the form of a real resonance 
peak, not a threshold peculiarity as two-body virtual 
state. It is also easy to demonstrate that the low-energy 
behavior of the inelastic cross section for population of 
the three-body continuum is 

da/dE oc , 

in contrast with the two-body inelastic cross section 
which has a square root peculiarity in the case of the 
virtual state 

da/dE cx Ve . 

Such a behavior should in principle distinctly separate 
the three-body virtual state peak from zero energy. Such 
a separation was demonstrated in Ref. j2fli] for a toy 
model of the [s^] state for the "Borromean system" [38| . 
Namely, it was shown in the analytical continuation of 
coupling constant (ACCC) method that the pole trajec- 
tories in the case of the [s^] three-body state are analo- 
gous to the trajectories in the system with barriers, while 
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FIG. 7: Width as a function of resonance energy for [si/2]^ 
and [pi/2]^ states. Standard two-body R-matrix estimates 
are shown for / = 1 and I = 2 (channel radius 40 fm) by 
dashed curves. Possible experimental ranges according to ex- 
periments @] are shown by hatched and grey rectangles 
correspondingly. The result of theoretical prediction ,11] is 
shown by a small circle. The curve for [pi/2l'^ state is cal- 
culated with the broad source. Calculations for [si/2]^ state 
with broad and narrow sources practically coincide within the 
shown energy range. 



for the two-body virtual states they are quahtatively dif- 
ferent. 

The mentioned features, however, do not mean that a 
three-body virtual state is an ordinary resonance state; 
there is an important difference. It is known that the res- 
onance behavior is connected to time delays in the prop- 
agation of particles (and corresponding time-dependent 
theory can be formulated in these terms) . Ordinarily, the 
time delay is connected to the confinement of particles in- 
side the potential barrier and their WF is localized inside 
the potential well, displaying the "quasibound" nature 
of such resonances. In the case of virtual state the time 
delay is not connected with barrier and tight spacial lo- 
calization of particles close to each other. It is connected 
with slow motion of particles in the volume of sphere 
with large radius (comparable to scattering length). In 
the three-body case the hyperspherical centrifugal bar- 
rier £(£-!- \)l2Mp^ has an effective collective nature; it 
is clear that individual nucleons in [si/2]^ configuration 
do not "see" any barriers. The time delay is connected 
therefore to the simultaneous presence of two valence nu- 
cleons in the volume around the core, associated with 
scattering lengths, which means a peripheral nature of 
such a state. 

The peripheral character of the state presumes differ- 
ent character of the dependence of the resonance width 
on energy than the behavior which could be expected 
for "typical" barrier penetration. We can take, for ex- 
ample, the calculated properties of the ^°IIe g.s. in the 
case a = -15 fm {E = 4 keV, F = 0.7 keV, see Fig. O 
and deduce the "channel radius" pch using for penetra- 



tion expression analogous to the single-chanel R-matrix 
formula. It can be found in Ref. [2^ : 



^^Pch ^|:+2(>^Pch) +iV|r+2(>fPch) ' 

Then the value pch ~ 40 fm is obtained. So, the radial 
range, which can be interpreted as an "internal region" 
in the case of the virtual three-body state, is huge. 

The dependence of the width (defined as FWHM) on 
resonance energy is shown in Fig.[7|for [si/2]^ and [pi/2]^ 
resonance peaks. The variation of energy in each case is 
obtained by respective variation of parameters of the s- 
and p-wave interactions. The [pi/2]^ curve is obtained in 
calculations with a broad source. The curves for [si/2]^ 
calculations practically coincide for broad and narrow 
source calculations; this independence is an expected re- 
sult for such a narrow structure. It can be seen in Fig. [7| 
that the curve for [sx/2]^ state stays mainly in between 
standard two-body R-matrix estimates with ^ = 1, ^ = 2 
(channel radius 40 fm) as an "effective angular momen- 
tum" for X = is £ = 3/2. The obtained dependence 
is in a good agreement with the ^^He ground state pre- 
diction by Aoyama [ll[ which gave E = 0.05 MeV and 
F = 0.21 MeV (small circle in Fig.©. We think that this 
agreement is an important fact demonstrating stability of 
the theoretical results on this issue because very different 
theoretical models and different 7?- wave interactions were 
employed in the studies of Ref. [H] . 

The point about a peripheral character of the [si/2]^ 
state is also confirmed by analysis of the correlation 
density. The correlation densities |'I'(+)p for the ^°He 
WFs on the {p, 9p} plane are shown in Fig. [8] The 
9p hyperspherical variable describes the distribution be- 
tween X and Y subsystems. It is a component of the 
5-dimensional hyperangle flp — {9p,il.j.,,ily}. For ^°IIe 
in the "T" Jacobi system 

X^V2psmdp ; Y ^ ^/5/8 pcosOp . 

Some properties of the three-body virtual state are well 
illustrated by this plot. 

1. The [si/2]^ and [pi/2]^ configurations demonstrate 
very different correlations in the internal region 
and on asymptotic. While in the [si/2]^ case the 
distributions are expectedly quite featureless, in 
the [pi/2]^ case we observe in the internal region 
the double-humped structures — "dineutron" and 
"cigar" — in the variable 6p, which are connected to 
so called Pauli focusing [Fig. [8](b), (c); in the case 
(b) only "dineutron" peak is seen]. These struc- 
tures are well known from the studies of the other 
p-shell nuclei |26|]. In the case when there is no 
attractive s-wave interaction in the ^He-n channel 
[Fig. [5] (c)] this double-humped correlation "sur- 
vives" up to the asymptotic region in somewhat 
modified form and thus could possibly be observed 
in experiment (see also the discussion in the Section 

irvBi) . 
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FIG. 8: Correlation density for the ^°He WF on the {p,Bp} plane in the "T" Jacobi system. Panel (a) shows case of 

strong three-body virtual state = —26.93 {a — —15 fm), = —4.5 MeV for energy taken on peak position {E = 4 keV). 
See also Fig. [2](b). Panel (b) gives the same as (a) but for E — 2.3 MeV (the latter energy is the expected position for peak in 
the case of state with structure). Panel (c) shows the state with structure ~ 0, Vc ~ —4.5 MeV. Calculations 

are made with narrow source; energy is taken on peak position {E = 2.3 MeV). 



2. Peripheral character of the WF. It can be 
seen from a comparison of Figs. [H] (b) and (c) that 
the double-humped structure connected to [pi/2]^ 
configurations is sharply concentrated in the inter- 
nal region (p ~ 7 fm) and rapidly decreases beyond 
10 — 15 fm. In contrast, the [si/2]^ WF is peaked at 
p ^ 15 fm and extends smoothly to around 50 fm 
[Fig. [5] (a)]. Distance p ^ 15 is well beyond the typ- 
ical nuclear size; for configurations with such typ- 
ical p values the individual valence nucleons have 
on average 10 fm distance to the core. 

3. Radial stabilization of the WF (the dis- 
tances at which the ~ exp[i>f:p] behavior is mainly 
achieved) is taking place at quite large distances 
[p « 300 - 400 fm, see Fig. M (a)]. This is con- 
nected both to very low energy of the peak (4 keV 
in this particular calculation) and effectively long- 
range character of interactions in the s-wave ^He-n 
channel, responsible for the formation of the three- 
body virtual state. 

4. One can see from Fig. [S] (c) that the cross sec- 
tion behavior in the energy region of [j5i/2]^ state 
(i? w 2 — 3 MeV) is practically not sensitive to the 
low-energy behavior of the spectrum (presence or 
absence of the [si/2]^ state). It is thus possible to 
think that these configurations are practically in- 
dependent in this energy region. A comparison of 
Figs. [5] (b) and (c) shows that this is not true. Both 
the internal structure of the WF and correlations 
for decay products demonstrate strong sensitivity 
to the presence of [si/2]^ state, although it is not 
clearly seen in the total production cross section in 
this energy range. 



An important technical insight could be obtained from 
the behavior of the effective hyperspherical interactions 
([5]). In Fig. [5] we show the "most attractive" diagonal po- 
tential (this appear to to be if = term in all the cases) 
and the lowest diagonalized potential. The later can be 
considered as an effective interaction for some simple adi- 
abatic approximation to the problem, which is qualita- 
tively illustrative, but quantitatively could be not very 
reliable. The important dynamical aspects which become 
clear from these plots have already been discussed in our 
work [3] on example of broad states of system. It 
can be seen in Fig. [5] that even the "most attractive" di- 
agonal potentials are in reality repulsive and do not even 
show any sign of "pocket" formation. The structures 
in the continuum are formed here only by interaction of 
multiple channels. It is interesting to note that the possi- 
bility of this class of states has been discussed many years 
ago (so called "resonances of the second kind" [2^) but 
now we seem to face them systematically in the few-body 
dripline nuclei. 

In the broad range of the resonance energies the state 
is located above the effective barrier top. Formation of 
the peaks, which could be very narrow (see Figs.[5l[7]) is 
presumably connected here not with barrier penetration, 
but with slow motion above the barrier and reflection 
from the right slope of the barrier [3^. Only in the ex- 
treme low energy case Fig. [HI (c) the process could be 
interpreted as penetration through the effective barrier. 
Typical range of the barrier is consistent in this case with 
the "channel radius" estimates by Eq. ©. 

The evolution of the nuclear structure near the thresh- 
old is also an interesting question which is briefly dis- 
cussed below. The short-dash curves {V^ = —25.82 MeV, 
a = —10 fm) in Fig. [5] (a) and (d) show qualitatively dif- 




FIG. 9: Hyperspherical potentials ([5]) as function of hyperradius. Solid line shows the lowest diagonalized potential, dashed 
line shows the lowest diagonal potential (in all the cases this is K = term), (a) The [pi/2l^ state at E = 2.3 MeV [see solid 
curves in Fig. [5](c), (f)]. Panels (b) and (c) correspond to [si/2]^ states at _E = 0.04 MeV [see short-dashed curves in Fig. [5] 
(c), (f)] and at £; = 0.004 MeV respectively. 



ferent behavior compared to the expected sharpening of 
the threshold peak. It happens because in this case the 
bound 0+ state of ^"^He is formed with binding energy 
~ 60 keV. Therefore these curves do not represent a valid 
result in the context of our studies (we should consider 
only the three-body Hamiltonians which do not lead to 
the bound ^°IIe). However, it is interesting to see how 
the nuclear structure evolves in this case (Table HJ . The 
virtual three-body state shows strong domination of the 
[si/2]^ component in the internal region (the first row in 
Table m. As soon as the state becomes bound, the struc- 
ture changes drastically with rapid increase of the [pi/2]^ 
configuration weight (see the second row from Table [l|. 
If we bind the ^^He even more stronger, so that the bind- 
ing energy becomes 0.3 MeV, which corresponds to the 
binding energy of ^^Li, its structure begins to resemble 
closely the typical structure of ^^Li with practically equal 
population of the [si/2]^ and [pi/2]'^ configurations (the 
third row in Table |T|. So, the bound analogue of the vir- 
tual three-body state is expected to be not a state with 
dominant [si/2]^ configuration, but a state with strong 
"competition" between the s-wave and p-wave configura- 
tions. Usually the structure of narrow resonant (or quasi- 
bound) states is characterized by a high identity with the 
structure of the corresponding bound states [4Q.] . The vir- 
tual three-body state demonstrates the behavior, which 
is qualitatively different in this respect. 

Based on the presented results we can probably con- 
clude that in the sense of nuclear dynamics the three- 
body virtual states are something intermediate between 
two-body virtual state and an ordinary resonance. 



F. Consistence with 3^3 scattering calculations 

The model cross section calculations for realistic ^He 
energies Fig. [5] (c) and (f) show very diverse results in 
the case of narrow and broad sources. A question can be 
asked in that case what should be considered as a "real" 



position of ^"He g.s. and whether it is reasonable at all to 
speak about such "real" position if diverse experimental 
responses could be expected. The theoretical approach 
which is "neutral" with respect to possible reaction mech- 
anism is represented by 3 ^ 3 scattering calculations. 

Figures [10] and [TT] show the results of the 3^3 scat- 
tering calculations in the cases of a pure [pi/2]^ state 
and the same in the presence of the low-energy [si/2]^ 
state respectively. The details of the approach can be 
found in Ref. [23| on example of the nucleus. Three- 
body Hamiltonian here is the same as in Figs.[S] (c) and 
(f). Three different values are displayed for these calcu- 
lations: the diagonal 3 — > 3 scattering phase shifts, the 
first diagonalized phase shift (so called eigenphase) , and 
the diagonal internal normalizations for scattering WFs 



E 



Pint ^ 2 



dp 



(10) 



The size of the "internal region" pint = 6 fm was taken 
for this value as in Ref. [27l |. 

For [pi/2]'^ state the 3^3 calculations in Fig. \W\ 



TABLE I: Internal structure of the virtual three-body state 
and the bound ^"He states close to the ^He+n+n threshold. 



E (MeV) 


[^1/2]' 








0.04" 


93.3 


2.2 


1.8 


1.8 


-0.06* 


66.1 


23.8 


4.7 


4.2 


-0.3^= 


51.0 


35.9 


6.1 


5.7 



"Calculation of Fig.[5](c), short-dashed curve {V° = -25.82 MeV, 
a = —10 fm, = —4.5 MeV). Radius for internal normalization 
was taken pi^t = 40 fm, see Fig. [8] (a). 

'Continuum above this bound state is shown in Figs. [5] (a) and 
(d) by the short-dashed curves (V° = -25.82 MeV, a = -10 fm, 
= -10 MeV). 

'^The same calculation as but with extra binding added by at- 
tractive three-body potential. 
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FIG. 10: The 3-^3 scattering calculations, 14° = 0, 
Vc = —4.5 MeV. (a) Internal normalizations Eq. (fTO|l for 
dominant components of the WF. (b) Diagonalized phase shift 
( "eigenphase" ) is shown by solid curve, while diagonal phase 
shifts for the lowest hyperspherical components are given by 
dashed, dotted, and dash-dotted curves. 



FIG. 11; 

MeV (a -- 



The 3 — > 3 scattering calculations, Vc = —25.82 
-- -10 fm), = -4.5 MeV. See Fig.[lO]for details. 



IV. DISCUSSION 



A. What is the ground state of He? 



give somewhat different resonant energies for different re- 
sponses: E = 1.8 MeV for internal normalization, E ^ 2 
MeV for the most strongly changing diagonal phase shifts 
and E = 2.3 for eigenphase. Such spread is clearly con- 
nected to the fact that the phase shifts barely pass 90 de- 
grees. So, we can speak about resonant energy of about 
E ~ 2.0 — 2.3 MeV, when only scattering is concerned. 
The agreement of 3 — > 3 calculations with narrow source 
calculations is reasonable. That could be an indication 
that "ordinary" reactions (simulated in this model) are 
a preferable tool to access properties of ^°He compared 
to reactions with exotic nuclei (like ^-'^Li). 

In the case of narrow low- lying [si/2]^ state (shown in 
Fig. [Tl|) the results provided by all 3 ^ 3 calculations 
(resonance energy E — AO keV) are in excellent agree- 
ment with each other and with previous model calcula- 
tions [Fig. [5] (c) and (f), curves with a = — 10 fm]. This 
state is formed exclusively hy K = Q WF component. An 
evidence for the state contributions could be found 

in the phase shift at around 2 MeV, but it is not very ex- 
pressed. Better evidence is provided by internal normal- 
izations ioT K = 2 components of the WF. These show 
maximum at about 2.3 MeV and provide much broader 
structures, than in the case of the state not af- 

fected by [si/2]^ configuration (Fig. (TU]). Again, we can 
come to a conclusion that the [pi/2]^ state survives in 
the presence of the [si/2]^ state in somewhat modified 
(shifted up and broadened) form, but the population of 
it is expected to be poor. 



It was proposed in Ref. [ll| that the observed so far 
state of ^°He is not the ground but the first excited state 
with [pi/2]^ structure while the ground [51/2]'^ state re- 
mains unobserved. We confirm here the finding of Ref. 
[ll| that for considerable s-wave attraction in ^He sub- 
system two O"*" states with different structures should co- 
exist in the low-energy spectrum of ^°He. However, we 
also find that population of the [si/2]^ configuration (in 
the case of a strong s-wave attraction in ^He and realistic 
reaction scenario) is always very pronounced compared to 
the [pi/2]^ configuration. For that reason we can expect 
that if the [si/2]^ state really exists then the [^1/2]^ com- 
ponent is difficult to observe in experiment (as it is lost 
on a "nonresonant background" of [si/2]^ low-energy ex- 
citation). It can be found that the energy position of the 
component of 0"*" state is quite stable when the s- 
wave attraction is increased. However, for extreme cases 
of the s-wave attraction this contribution becomes much 
broader and in general "lost" on a thick right "tail" of 
the [si/2]^ ground state. 

Current experimental situation in ^"He is clearly not 
in favour of the [si/2]^ state existence. Several theoreti- 
cal spectra of ^°He are provided in Fig. [T^on top of the 
experimental data Ref. [6] . Theoretical curves are convo- 
luted with energy resolution of the experiment [(|] which 
is parameterized as AS = O.T/E (A£' is FWHM). The 
calculation with ^He subsystem having pi/2 g-s. at about 
2 MeV reasonably fit the data. The experimental cross 
section peaked at about 1.2 MeV could be consistent with 
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Korsheninnikov, et al., [6] 
V,' = - 4.5, V° = 
V' = - 4.5, V° = -20 
V' = - 8, V"= 
V' = - 8, V" = 0, narrow 
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E (MeV) 



FIG. 12: Calculation results convoluted with experimental 
resolution of Ref. 0] and experimental data. Solid, dashed, 
and dotted curves correspond to calculations with ^^Li source 
[see Fig. [S] (f) solid, (f) dotted, and (e) solid curves]. Gray 
line shows calculation with narrow source [Fig. [5] (b) dotted 
curve! . 



some range of p-wave interactions for ^^Li source [Fig. [51 
(e)-(f)]. This, however, is possible only for quite a weak 
attractive part of s-wave potential: V° > -20 MeV. For 
such value of parameters the s-wave interaction is in gen- 
eral still effectively repulsive (due to a large repulsive 
core) . For that reason, if we completely rely on the data 
we would impose theoretical limit a > — 5 fm for ®He- 
n scattering length. The derived theoretical limit is in 
a strong contradiction with the upper limit for scatter- 
ing length in ^He a < — 10 fm imposed in experiment 
[lO|. There is no contradiction between our theoretical 
limit and data where a lower limit a > — 20 fm for 
scattering length is given. 

The unclear situation with exotic reaction mechanism 
expected for reactions with ^^Li could have been resolved 
by a different experimental approach. Such an experi- 
ment in principle exists: the ground state of ^°He and two 
excited states were identified in the complicated 2p-2n eyi- 
change reaction iOBe("C,i''0)i''He ^,^]. Unfortunately, 
the observed peaks rest on a "thick" background and has 
a low statistical confidence. None of our calculations are 
consistent with the results of this experiment. Namely, 
we can not reproduce in any model assumptions the small 
width of the g.s. obtained in this work (300 ± 200 keV 
at 1.07 MeV of excitation). For example, in Fig. [5] (b) 
the width of the state found at about 1.1 MeV is F ~ 1.1 
MeV (see also Fig.[7l). Smaller width of the ^"He g.s. if it 
takes place in reality should mean non single-particle na- 
ture of this state [means not described as *He(g.s.)-|-n+n] 
and hence a limited applicability of our model. 



B. Prospects of correlation studies 

Important structure information about the three-body 
system could be obtained analysing the correlations 
among the decay products. The recent examples of such 
data analysis include successful application to the broad 
states in the continuum of system [28] and to the two- 
proton radioactivity decays of ^^Mg ,29^ and ''^Fe [30| . 
Such range of application indicates a potential power of 
the correlation studies. 

The partial decompositions of the cross section given 
in Fig. [5] show how the contributions of the [sx/2]^ com- 
ponent (mainly K = 0) and [pi/2]^ component (mainly 
K — 2) change when we add the s-wave interaction in 
^He channel on top of the p-wave interaction or switch 
from the narrow to the broad source. The qualitative dif- 
ferences in these decompositions should be seen as qual- 
itative differences in the correlation patterns. 

The complete correlation information is provided in 
Fig. [12] for correlations in the [si/2]^ state [E — 4 keV, 
panel (a)] and in the [pi/2]^ state at i? = 2.3 MeV in 
the calculations with attraction in s-wave (b) and no s- 
wave attraction (c). The correlation densities are given 
in the plane of parameters {e,cos{9k)} both in "T" and 
"Y" Jacobi coordinate systems. Parameter e = E^/E de- 
scribes the energy distribution between X and Y Jacobi 
subsystems {Ex is energy in the X Jacobi subsystem). 
Parameter Ok is angle between Jacobi momenta kx and 
ky in the chosen Jacobi coordinate system: 



cos(6'fc) 



kx ky 



More details can be found in Ref. . 

The correlation picture for the virtual three-body state 
with the [si/2]^ structure is quite featureless [Fig.[T3l(a)]. 
The energy distribution between subsystems is close to 
the "phase volume" distribution 



dEdEr 



E^Ex{E^Ex) . 



(11) 



There are only minor deviations from flat distribution for 
cos(6'fe) at Ok ^ 0° and Ou - 180° in "T" Jacobi system 
(these are configurations when three particles come out 
in a line). 

The predicted correlations for the [j5i/2]^ state in "T" 
Jacobi system [Fig. [13] (c)] look very much like those 
already observed in other p-wave systems ^Be [s^l and 
[2^. There is a double- hump structure reflecting 
the [pi/2]^ population. The hump, which corresponds 
to low-energy motion between neutrons is strongly en- 
hanced due to FSI in the n-n cannel. 

Fig. [in] (b) provides prediction of correlations which 
is possibly important for prospective ^°He studies. If 
the attractive s-wave interaction is added it qualitatively 
changes the picture of correlations at the expected [pi/2]^ 
state position. Now the energy distribution between sub- 
systems (in the "T" Jacobi system) is close to the phase 
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FIG. 13: Complete correlation information about decays of state at given energy E. Left and right columns show the same 
result in "T" and "Y" Jacobi systems. Calculations provided in panels (a), (b), and (c) correspond to the same panels of Fig. 
|8l Panel (d) shows the coordinates and angles in radial and momentum space for the "T" and "Y" Jacobi systems. 



space distribution Eq. (fTT|) . Also the angular distribu- 
tion changes drasticaUy: the correlation density is con- 
centrated in the regions where one of the neutrons is close 
to the ^He core in the momentum space [cos(^fc) ~ ±1 
and Ex/E ^ 5/9 in the "T" Jacobi system]. In this case 
the only expressed feature in the "Y" Jacobi system is 
the "dineutron" correlation which can be seen as a small 
peak at cos{6k) ^ —1 and E^/E ^ 1/2. 

The drastic changes between distributions Fig. [T3] (b) 
and (c) mean that in the experimental measurements 
giving access to such a characteristic there will be no 
doubts in the structure identification even in the case of 
a poor population of the low-energy part of the spectrum 
or technical problems with detection of the low-energy 
events. 



C. Reliability of the results 

It should be mentioned once again that the aspects 
of the ^"He dynamics, discussed in this work, are only 
valid if the single-particle *He(g.s.)-|-n-|-ri structure of the 
low-lying ^°He states really takes place. The ground for 
such an assumption is provided by knowledge of the ^He 
spectrum. However, the narrow first resonant states of 
^He, as observed in Refs. 0, Q [E{pi/2) = 1.27, MeV, 
r = 0.1 MeV and E{p3/2) = 2.4 MeV, F = 0.7 MeV], 
presume that it is not true, because small spectroscopic 
factors are expected [s^l- In the case that the results of 
Ref. [3 are preferable [E{pi/2) = 2 MeV, F = 2 MeV], 



implying that this is a single-particle state, the basis for 
our model becomes reliable. 

Sensitivity of the predictions to the s-wave interaction 
in the ^He channel is very high. The experimental results 
of Refs. [3 (a < -10 fm) and [12 (a > -20 fm) are not 
contradictory, although not too restrictive. Thus, still no 
solid experimental ground can be found here. We think 
that this issue is a key point for understanding of the 
^"He structure. 

Important conclusion of these studies is that energy 
spectrum obtained in experiments with ^^Li is strongly 
affected by the reaction mechanism and we do not repro- 
duce the results of the experiment Q without taking this 
effect into account. The question can be raised from the- 
oretical side, how reliable is the statement that for pi/2 
state in ^He at about 2 MeV we can not get a state in 
i"He at 1.2 MeV straightforwardly. In Table [U we hst 
paring energy Ep for valence neutrons calculated for ^"^He 
in different theoretical approaches. With pi/2 state at 2 
MeV the paring energy should be about 2.8 MeV, while 
in various theoretical approaches it is typically around 1 
MeV and never exceeds 2 MeV. It is clear that relatively 
small paring energy in ^^He is common for different the- 
oretical models and can be considered as a reliable pre- 
diction. Also if we have a look on the nearby isotopes, 
for P3/2 subshell nuclei ^He and ®He Ep is 2.6 MeV and 
3.04 MeV respectively. For ^"'^Li, where subshell is 
populated, paring energy is known to be small: Ep ^ 0.8 
MeV. 



13 



V. CONCLUSION 

In conclusion we would like to emphasize the most im- 
portant results of our studies: 

(i) Within theoretical model for state in the ^He lo- 
cated at about 2 MeV it is problematic to obtain the ^°He 
g.s. at about 1.2 MeV straightforwardly. The required for 
that paring energy is 2.8 MeV, while for configu- 
ration it is typically obtained ~ 1 — 2 MeV. 

(ii) The attraction in s-wave allows to shift state with 
[Pi/2]^ configuration to significantly lower energy. How- 
ever, for some extreme values of attraction (a < —5 fm) 
lead to formation of low-energy [si/2]^ state which is seen 
as a sharp peak in the cross section at energies less than 
0.3 MeV. The appearance of such a state is in accord 
with predictions of Ref . [TT'| . 

(iii) In contrast with approach of Ref. [ll[ , we study the 
conditions of "coexistence" of [si/2]^ and states in 
the 0"*" continuum for realistic scenarios. It is shown that 
the state with [pi/2]^ structure is poorly populated (also 
suffer significant broadening) in the presence of [si/2]^ 
ground state and can be easily lost (small on the s-wave 
"background" ) . For that reason the idea of Ref. [ll[ that 
the ground [si/2]^ state of the ^°He remains unobserved, 
while the observed so far state is the first excited one with 
[Pi/2\^ structure, does not get support in our studies. 

Concerning comparison with experimental data: 
(i) Observation of quite a broad peak in ^'^He at about 
1.2 MeV in Ref. [6| could be explained by a specific mech- 
anism of the chosen reaction induced by ^^Li (namely the 
huge size of neutron halo in -'^^Li). This explanation is 
possible only in the case of absence of virtual state in ^He 



channel. For ^"He ground [pi/2]^ state located a.i E >2 
MeV the mentioned reaction mechanism leads to a strong 
enhancement of the low-energy transition strength even 
without any significant attraction in s-wave. As a result, 
the peak in the cross section may be shifted to a lower 
energy (e.g. ~ 1.2 MeV). 

(ii) The provided theoretical model essentially infer the 
properties of the ^"He system basing on the properties 
of the ^He subsystem. At the moment we can not make 
the existing data on ^He and ^°He consistent within this 
model. Calculations with large negative scattering length 
(e.g. a < —5 fm; experimental limit pi!oj is a < —10 fm) 
in core-n subsystem necessarily lead to formation of the 
single narrow peak below 0.3 MeV in the spectrum which 
should have been seen in the experiment [6|. 

(iii) We have to conclude that the existing experimental 
data do not allow to establish unambiguously the "real" 
g.s. position for ^°IIe. Alternative experiments (relative 
to those utilizing ^^Li beams) are desirable. Further clar- 
ification of controversy between the ^He and ^°He spectra 
is indispensable for theoretical understanding of the He- 
lium isobar properties. 
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TABLE II: Paring energy (in MeV) for ^"He defined as Ep — S2n — 2Sn calculated in different theoretical approaches. 



Work 


[2] 


[5]" 


[34] 


[35] 


[llj 


[36]' 


This work" 


Sn 


1.22 


0.74 


0.84 


2.38 


1.27 


1.60 


2.0 


-~S2n 


1.18 


0.6 


1.09 


2.78 


1.68 


1.94 


~ 2.0 - 2.3 


Ep 


1.26 


0.88 


0.59 


1.98 


0.86 


1.25 


~ 1.7 - 2.0 



"We use Pi/2 elastic cross section peak energy to define 5, 
''See Table 1, column 6 of Ref. 



